created various types of soil; even for the same type of soil, there might be differences in certain properties in different spaces and at different times [3] . Soil organic carbon (SOC) is a relatively active component in soil and has high spatial heterogeneity. It contributes to large differences in the accuracy of soil organic carbon density (SOCD) distribution [4] . Many studies have assessed the influencing factors of spatial heterogeneity and the distribution characteristics of SOCD, including the slope gradient, land use, soil type, biogeochemical reactions, and statistical data analysis techniques [5] [6] . Often, calculation accuracy is greatly reduced since the spatial heterogeneity of regional SOCD is ignored owing to limitations on sampling density at a global [7] or national [8] scale. At present, in terms of the spatial heterogeneity of SOCD, there are studies of specific regions [9] , basins [10] , a province, or several provinces [11] . However, the density of SOCD's spatial heterogeneity is correlated with a change in scale, and the research is based on the above three scales, ranging from small-to medium-scale spatial distribution characteristics of soil organic carbon on a continuous spatial scale, which has rarely been reported. The above studies have mainly analyzed the spatial heterogeneity of SOCD in non-karst areas, whereas there is limited research on the SOCD over a continuous space on the same scale.
A karst ecosystem is a unique ecological system with specific geographic and geomorphic conditions, hydrothermal conditions, vegetation site conditions, and soil development conditions that are different from those in non-karst areas. Because of the special geological and climatic conditions, this type of regional environment is characterized by a small capacity, weak anti-jamming capability, low stability, and poor self-adjustment ability [12] . However, the soil environment in karst areas has the basic features of bedrock outcroppings, small soil volume, discontinuous distribution, and complex microtopography, and the soil develops discontinuously in the shallow layer, represented by disperse distribution and nonuniform thickness, which may bring lots of uncertainty to the calculation of SOCD [13] ; therefore, research on the SOCD of different soil layers in a karst area is required for the evaluation of carbon fixation in soils in this area. Due to the unique environment in a karst area, the estimation of carbon density in non-karst areas is not applicable [14] . Increasing numbers of scientists recognize that more studies concerning SOCD at different scales (national or regional) should be conducted to improve and perfect the global SOCD database, and a great number of studies about SOCD at a regional scale have been reported over the past several years [15] . A large number of scholars have found that the spatial heterogeneity of karst SOC is related closely to soil habitat; other scholars have argued that the spatial distribution characteristics of bare rock must be taken into consideration in research on karst SOCD [16] . However, a number of scholars have argued that the consistency of karst soil formation backgrounds determines the spatial continuity of soil attribute changes, and they suggest researching the spatial heterogeneity of the discontinuous soil in this area using geo-statistical analysis [17] . At present, geo-statistical analysis is frequently used for research of soil organic carbon content or other soil attributes, whereas there is still a lack of quantitative and systematic studies on the spatial heterogeneity of SOCD.
Our primary objectives were to research the SOCD in a small karst watershed, as well as to determine the spatial distribution characteristics and influencing factors with geo-statistical analysis with a thorough sample area survey and laboratory analysis, laying a solid foundation for further research into the spatial heterogeneity of soil attributes and the carbon sequestration of these ecosystems. This in-depth study of a karst area and accurate estimation of its carbon pool provide a reference 
Soil Sampling
Sampling plots were designed with a grid-based sampling method and a total of 3,180 sampling grids (150 m × 150 m). The sampling sites were defined as the center of each sampling grid (Fig. 1) Local information for each sampling point along with the soil bulk density, soil thickness, rock coverage, and other indexes were measured at each point and recorded on the spot. The soil samples were air dried, ground, and prepared for the specimen as required by the laboratory; then the SOC content was tested and analyzed. The SOC was determined via a potassium dichromate method. The soil acreage was calculated using geographic information system (GIS) technology and surveying in the field. The bulk density was measured layer by layer from the top to the bottom of the soil profile via a cutting-ring method. The soil thickness was recorded in accordance with the type of ecological niche with an iron stick that was 60 or 120 cm long, depending on the soil mass at different depths. The bare rock rate was surveyed with a line-transect method. Due to the complex landscape in a karst area, it would be more accurate but less operable if the line transect was too Fig. 1 . The location of Houzhai river small watershed and the distribution of sample sites long. Therefore, the length of the line transect was set at 10 m, and the grid cells with rock coverage were surveyed via tape measure.
Calculations and Statistical Analysis
The soil bulk density (SBD) was determined on the spot (cylindrical core method). For each layer of all soil profiles, 181.58 cm 3 of soil was sampled with a cutting ring (r = 3.4 cm, h = 5 cm) and the fresh weight was obtained with a portable balance. Approximately 5 g of soil from each layer were collected into an aluminum cup whose weight had been determined previously. Three milliliters of alcohol (95%) was added and lit (repeated three times), and the weight was taken pre-and post-calcination. The SBD was calculated using the following equation:
The SBD represents the soil bulk density (g·cm -3 ), W cr is the weight of the cutting ring (g), W cr+s is the weight of the cutting ring with fresh soil (g), W cup is the weight of the aluminum cup (g), W pre and W post are the pre-and postcalcination weights of the aluminum cup with soil (g), and 181.58 is the volume of the cutting ring (cm 3 ) . Soil organic carbon density is a certain depth of soil organic carbon storage in the unit area. The calculation formula of organic carbon density (kg·m -2 ) in a soil layer is as follows [18] : (2) …where C j MERGEFORMAT is the SOC content in the layer of soil genus j (g·kg -1 ), D j is the soil bulk density of the layer of soil genus j (g·cm -3 ), E j is soil thickness of the layer of soil genus j (cm), G j is the volume percentage of gravel that is larger than 2 mm of soil genus j, and O j is the bare rock rate in the sampling area of soil genus j (%).
A semi-variance function (h) was used to describe the spatial heterogeneity of the soil properties. The semi variance function was used to obtain the variation of the semi-variance function value with an increase in the distance of the sample; the scatter plots were fitted with a Gaussian model and other theoretical models. When the soil properties met a two-order stationary assumption and the intrinsic hypothesis and when the sample size was large enough, the semi-variance theory variation function (h) formula was used. The semivariance (r(h)) is as follows [19] :
…where Z is the measured soil property, x is the sample location, and N(h) is the number of pairs of locations separated by a lag distance h. The semivariogram expresses the relationship between the semivariance and the lag distance (h). It typically increases from a value at h = 0 (identified as the nugget) to a maximum value (identified as the sill). The SOCD of the spatial distribution pattern was determined using a kriging interpolation method with a spatial interpolation grid.
Data Analysis
First, with different levels of soil organic carbon density data values for quality control, the numerical calculations of the distribution with the four percentile method was used to determine the extreme limit and extreme limit values to calculate the maximum and minimum value, mean value, standard deviation, and coefficient of variation. Second, a spatial autocorrelation analysis was conducted using the semi-variance function variables, which must meet the normal distribution data of non-normal distribution; this will cause proportional effects on the variance function and reduce the estimation precision.
Using SPSS 18.0 statistical software for a single factor analysis of variance (ANOVA), a Pearson correlation analysis and stepwise regression analysis were conducted. A semi-variogram model, fitted with GS+ software, was used for ordinary kriging interpolation in ArcGIS 9.3 software, rendering an organic carbon density spatial distribution map.
Results

Descriptive Statistical Analysis of the SOCD in Different Layers
This paper conducted a statistical calculation of the valid data on a 12-layer SOCD based on data quality control and effectiveness analysis, undertaking descriptive statistical analysis on the SOCD of permanent plots in different layers in the small karst watershed (Table 2) . Since lots of sample plots in karst areas have the basic features of bedrock outcroppings, small soil volume, discontinuous distribution, and complex micro-topography, the soil develops discontinuously in the shallow layer, which features non-uniform thickness, and different sizes of samples were taken from the soil at different depths; meanwhile, the sample size decreased gradually. The total average organic carbon density of all soil profiles was 1.21±0.65 kg·m -2 , the maximum was 12.47 kg·m -2 , and the minimum was 0.11 kg·m . On the whole, the SOCD in each layer decreased gradually with increasing soil depth. The C v of the SOCD, in general, was C v <10%, and there was weak variability; when the C v was between 10% and 100%, there was moderate variability; and when the C v >100%, there was strong variability [20] . The spatial variation of the SOCD in each layer was moderate, and the variation coefficient of the SOCD in each layer first increased and then decreased with increasing soil depth. The variation coefficient of the SOCD reached its maximum at a depth of 70-80 cm.
Geo-Statistical Analysis of the SOCD in Different Layers
See Table 3 for the semi-variance model and relevant parameters of the SOCD in the small karst watershed. There was a difference in the nugget C 0 between the different layers, and the nugget C 0 at a depth of 90-100 cm was minimum. Soil heterogeneity was determined by a combined action of structural factors and random factors, and the nugget C 0 could help identify the structural factors and random factors that affected soil heterogeneity. The value of C 0 indicated the degree of variation in the soil. The higher the value of C 0, the higher the degree of variation caused by the random part; on the contrary, the variation was mainly caused by structural influences [21] [22] . If the value of C 0 was smaller than 25%, the variable had an intense spatial correlation, between 25% and 75%, and the variable exhibited medium spatial correlation; if the value was larger than 75%, the variable had weak correlation. The nugget C 0 of the SOCD in each layer in the small karst watershed was relatively high, and the nugget C 0 of each layer occupied a large proportion of the sill C 0 + C 1 , which was greater than 70%, suggesting that random factors had a major effect on the soil heterogeneity in the small karst watershed.
In the semi-variance model, the range referred to the distance that the variation function had to travel to reach the sill, which reflects the size of the autocorrelation range of soil spatial heterogeneity. As a mean variation scale of soil spatial heterogeneity in space, this can help forecast the approximate range of soil spatial heterogeneity. The step length and range in the small karst watershed were 2,726.3 m to 3,556.0 m, and the range of 0-100 cm exhibited an increasing trend first and then a decreasing trend, finally becoming stable, and the step lengths of 60-100 cm were all 3,556 m. In detail, if range was less than the delay distance (9.6 m), this suggested that there were smaller variations in the sampling intervals; if range was greater than the delay distance (9.6 m), this suggests that regional factors had bigger impacts on it. As shown in Table 3 , the range of the SOCD in each layer in the small karst watershed was greater than the delay distance, suggesting that there was a correlation in the SOCD between the soil layers in the small karst watershed. This had something to do with the fact that the SOCD in each layer in the small karst watershed was greatly affected by the parent material, landform, soil type, and other relevant natural conditions; therefore, there was a correlation in SOCD between the soil layers in the small karst watershed on a relatively large scale. This corresponded to what was reflected by the nugget C 0, in that structural factors had a major effect on soil heterogeneity of the small karst watershed.
Spatial Distribution Pattern of the SOCD in Different Layers
A spatial distribution map (Fig. 2) could be made for the SOCD in different layers based on an interpolation calculation of the SCOD data measured with a kriging interpolation method. This map could display the differences in the spatial distribution patterns of SCOD between different layers more clearly. There was a complex spatial variation in the SOCD due to the common effects of geographic location, climatic conditions, soil type, vegetation type, and soil utilization type. In this basin, the SOCD in each layer was generally higher in the eastern region and lower in the western region. The SOCD was dispersed in the surface soil, and there was merely spatial variation in the surface SOCD on a small scale. It decreased gradually from east to west, with small highvalue and low-value areas concentrated in the eastern and western research areas, respectively. In detail, the zones in which the SOCD was less than 0.39 kg·m -2 comprised 20% of the total area. As the soil depth increased, the SOCD decreased progressively layer by layer, indicating an insignificant difference in the low value range, but the area of the zones in which the SOCD was less than 0.056-0.39 kg·m -2 in the three layers decreased layer by layer. The research results indicate that there was a similarity in the spatial distribution characteristics of the SOCD between the 12 layers, and the density was low in the middle, high in the west, higher in the east, and the lowest in the south.
Influencing Factors on the SOCD in the Small Karst Watershed
Vegetation Factor
The SOC in the small karst watershed (Fig. 3 ) came mainly from two sources: plant litter aboveground and organic matter from the plant roots underground. Different plant community compositions and structures had different capacities for the input and interception of organic carbon. The major types of forest vegetation in the small karst watershed included evergreen coniferous forest, broadleaved evergreen forest, broadleaved deciduous forest, and bush forest. According to the comparison of the SOCD between the major types of forest vegetation in the small karst watershed, the most dense soil carbon at a depth of 20 cm was identified bush forest (8.04 kg·m ) and broad-leaved evergreen forest (8.05 kg·m -2 ). The SOCD in the bush forest was obviously higher than that in other types of forest vegetation. Fig. 4 provides the mean SOCD in the primary utilized lands in the small karst watershed. Since there was a difference in soil organic carbon content (SOCC) between the different types of land, there was a difference in the SOCD. In the vertical distribution, the SOCD and SOCC under five soil utilization types were lower at a depth of 20 cm than at a depth of 100 cm. In the horizontal distribution, due to the high organic carbon content and soil bulk density in the forestland, shrubby grassland and unused land, the SOCD in each layer in the these lands was higher than in the paddy fields and on arid lands. The SOCD at a depth of 20 cm changed over a range from 3.41 to 8.04 kg·m -2 ; the SOCD was highest in shrubby grassland (8.04 kg·m -2 ), followed by unused land (7.04 kg·m -2 ), forestland (6.87 kg·m -2 ), arid land (4.96 kg·m -2 ), and paddy fields (3.41 kg·m -2 ); the SOCD at a depth of 100 cm changed over a range from 10.01 to 18.25 kg·m -2 , the SOCD was highest under unused land, followed by forestland, shrubby grassland, arid land, and paddy fields. The SOCD of all types of land was 72.28 kg·m -2 , and the SOCD of the soil at a depth of 0-20 cm accounted for approximately the whole SOCD.
Land use Pattern Factors
Edaphic Factors
As shown in Table 4 , there was a difference in SOCD between the nine types of soil. The SOCD at a depth of 20 cm changed over a range from 3.31 to 5.61 kg·m -2 , and it was the highest in black limestone soil, followed by yellow limestone soil, white sandy soil, white big mud soil, small mud soil, big mud field, big mud soil, yellow clayey soil, and yellow soil; the SOCD at a depth of 100 cm changed over a range from 9.11 to 14.46 kg·m -2 , and the SOCD was highest in white big mud soil, followed by big mud soil, big mud field, small mud soil, yellow soil, yellow limestone soil, yellow mud field, white sandy soil, and black limestone soil. For the whole soil, the SOCD of all 10-cm-thick soil layers belonging to different geneses decreased gradually with increasing soil depth, and gradually stabilized in the deep soil. The maximum SOCD of each 10-cm-thick soil layer was 7.9 times as high as the minimum SOCD. The SOCD at a depth of less than 100 cm changed over a range from 6.27 to 13.19 kg·m -2 , whereas the mean SOCD of 87-cm-thick soil nationwide equaled 10.53 kg·m -2 . Due to the large spatial variation in soil thickness in karst areas, a comparison was made between the 10-cm-thick SOCD and the national level. The mean SOCD of the 10-cm-thick soil in the small karst watershed equaled 2.09 kg·m -2 , whereas the mean SOCD of the 10-cm-thick soil nationwide equaled 1.21 kg·m -2 , suggesting that the SOCD in the karst areas were 1.7 times as high as the national level.
Other Environmental Factors
See Table 5 for the correlation analysis between the SOCD and environmental factors in the small karst watershed. The results indicate that the SOCD was significantly correlated with altitude, soil thickness, gravel content, slope, and rock coverage (p < 0.01). Because of the strong correlation among the environmental factors and their interactions, the contribution of environmental factors to SOCD could not be independently determined. Therefore, a principal component analysis (PCA) was used to extract the main factor that influenced the SOCD.
The Dominant Factor Influencing the SOCD in the Small Karst Watershed
The results (Table 6 ) indicated that the cumulative variance contribution of the first, second, and third principal components of environmental factors on the SOCD could reach 88.97% in the small karst watershed. This reflected most of the information that those factors affected in the SOCD. The first principal component was mainly determined by the slope position, altitude, slope gradient, and rock coverage, whose variables were 0.91, -0.92, -0.93, and -0.96, respectively. Its variance contribution was 45.72%. The second principal component was mainly determined by soil thickness and gravel content, whose payloads were 0.92 and -0.91, respectively. Its variance contribution was 28.29%. The third principal component was decided by vegetation, whose payload was 0.93. Its variance contribution was 15.96%. Notes: RD = rendzina, YL = yellow lime soil, YC = yellow clay, YCL = yellow clayey soil, LU = large mud field loam, LL = large loam, WL = white large loam, SC = small clay, WS = white sand Therefore, the slope position, altitude, slope gradient, and rock coverage could be treated as the main indicators of the first principal component, which was the main factor influencing the SOCD in the small karst watershed. These could be explained as topographic parameters. The soil bulk density and content of gravel were treated as the main indicators of the second principal component. They could be explained as the correlation factor for soil formation. The vegetation was regarded as the main indicator of the third principal component, which was treated as the vegetation factor. To reveal the contribution of environmental factors on the SOCD, a stepwise regression analysis was used to select the principal component index, including the content of gravel, altitude, slope position, soil thickness, slope gradient, rock coverage, and vegetation, and the multiple linear regression equation between the density of the SOCD (dependent variables) and environmental factors (independent variables) was established as follows:
…where SOCd is the soil organic carbon density (kg·m
), D is soil thickness (cm), L is rock coverage (%), E is the vegetation type, and A is the elevation (m). Among these, the soil thickness was most closely related to the SOCD (β = 0.52), followed by rock coverage (β = 0.24), vegetation type (β = 0.18), and elevation (β = 0.12). Above all, the SOCD was comprehensively affected by different environmental factors in the small karst watershed. Annotation: *significant correlation at 0.05 level; **significant correlation at 0.01 level. Table 6 . PCA on influence factor of SOCD.
discussion
The Spatial Heterogeneity of SOCD in the Small Karst Watershed
The soil organic carbon pool was the most important carbon pool in the ecosystem; furthermore, the carbon pool has the largest capacity and longest conversion cycle in the terrestrial ecosystem [23] . The average value of the SOCD was 12.11 kg·m -2 at a depth of 100 cm in the small karst watershed, which was higher than the national level (10.53 kg·m -2 ) [24] . This was because there were inputs of vegetation litter and root exudates, along with the formation and decomposition of humus in certain areas under natural conditions. On the other hand, the soil respiration rate was lower in the karst region, combined with the smaller nutrient absorption of vegetation in soil, leading to a relatively high SOCD [25] . Compared with other basins in neighboring provinces, the SOCD in the small karst watershed was higher than that in the loess hilly region (10.92 kg·m -2 ) [26] and close to that in the karst regions in Yunnan, Guizhou, and Guangxi provinces, as calculated by Zhangyong (13.98 kg·m -2 ). Spatial structure and grade are important properties of an ecosystem. Without the spatial structure, the ecosystem has no function [27] . There is universal spatial variation of soil properties, whether at a regional scale or on a middle and small scale. This makes geo-statistical analysis a powerful tool to quantitatively research the above questions. The spatial distribution of SOCD includes two aspects: one is that SOCD changes with the soil thickness in a vertical direction, and the other is that SOCD changes with geographical location in a horizontal direction [28] . There was some degree of spatial heterogeneity of SOCD at different levels of soil within 75 km 2 in the small karst watershed. The soil exhibits synthesis with extremely complex patterns and evolution. It is influenced by soil formation factors, including parent material, terrain, climate, and vegetation, along with human disturbances, which decide its complexity and spatial variability. Based on this study, the influencing factors in the small karst watershed were random factors.
Soil organic carbon density was controlled by many factors, such as climate, vegetation, soil properties, and agricultural practices, as well as the interaction between various factors [29] . The karst rocky desertification area was larger; in 2010, the Guizhou rocky desertification area was 36,500 km 2 and accounted for 18.79% of the province's land area. Because of the rocky desertification effects, the results involved a large amount of soil erosion, bare rock, discontinuous soil, and habitat complexity [30] . The structure and distribution of carbonate rock karst in soil were not uniform, the thickness of the soil layer was obviously different, and, ultimately, the formation of the Puding River basin after the village space heterogeneity was extremely high, with complex horizontal characteristics [31] . The proportion of the nugget effects C 0 /(C 0 +C 1 ) in the semi-variogram of SOCD were all higher than 70% in the small karst watershed, showing up a large random variation. The result showed that the SOCD in the small karst watershed was mainly affected by non-artificial structural factors, including the parent material, terrain, climate, and so on, but was less affected by spatial factors. The spatial pattern of the SOCD was low in the middle and high areas in the small karst watershed. Moreover, soil thickness was not continuous, which made the distribution of SOCD uneven.
The main factors influencing soil organic carbon content in the small karst watershed included the soil carbon content dependence on the dynamic balance between inputs and outputs of organic carbon; the former mainly consists of plant litter and dead roots, whereas the latter mainly comes from the decomposition of organic matter by soil microorganisms [32] . Therefore, all of the factors that affect soil organic carbon accumulation and decomposition affect the distribution of soil organic carbon. In general, soil organic carbon is the overall result of vegetation, climate, soil properties, land use, and various other natural and human factors. The effect of vegetation is mainly exerted through the quality and quantity of litter and the effect of their roots; in cooperation with soil organisms and microorganisms, they form soil organic matter of different quality and quantity, affecting the accumulation and turnover of soil organic carbon [33] . Studies have shown that under the same climate conditions, the type of forest vegetation exerts a significant effect on the yield and decomposition rate of plant litter, which leads to differences in soil organic carbon density among different vegetation types [34] . In this study, we determined that in the small karst watershed, soil organic carbon density in the 20 cm depth among different vegetation types was as follows: shrub forest > deciduous broad-leaved forest > evergreen broad-leaved forest > evergreen coniferous forest; the density at 100 cm depth was shrub forest > deciduous broad-leaved forest > evergreen broad-leaved forest > evergreen coniferous forest. This could be explained by the high litter yield and high decomposition rate of litter in the shrub forest, where the organic carbon density was highest.
The soil type reflects the effect of parent material, topography, and hydrothermal conditions, which also lead to a different soil organic carbon density. In a small karst watershed, the soil organic carbon density of different soil types at 20 cm deep were as follows: black lime soil > yellow lime soil > white sand soil > white large-clay mud > small-clay mud > large-mud field > large-clay mud > yellow-mud field > yellow mud soil; and organic carbon densities at 100 cm depth were as follows: white largeclay soil > large-clay soil > large-mud field > small-clay soil > yellow mud soil > yellow lime soil > yellow-mud field > white sand soil > black lime soil. Lime soil is a non-zonal soil in subtropical areas of China, which is largely different from yellow, red, and other zonal soils that are highly weathered and form the deep soil layer, whereas limestone breaks into soil very slowly, forming only a shallow soil layer.
A stepwise regression analysis suggested that the soil organic carbon content in the small karst watershed was significantly affected by stone grain content, altitude, slope, rate of bare rock, slope position, and depth of soil. Six major factors explained 70.85% of the variation of the soil organic carbon content in the small karst watershed, suggesting the presence of other influencing factors such as physical and chemical properties of the soil, soil microorganisms, and human activity, which require further analysis. Therefore, vegetation, soil characteristics, topography, human activities, and other biological and non-biological factors should be collectively considered in the estimation of soil carbon storage and in studies of the carbon cycle.
conclusions
Soil organic carbon density in the small karst watershed varied among different depths, vegetation types, land uses, and soil types. Organic carbon density was highest in soil at the 20-30 cm depth (1.5 kg.m -2 ), and generally decreased at deeper depths.
The nugget-to-sill ratio C 0 /(C 0 + C 1 ) was larger than 70% in all layers of this karst watershed, and the organic carbon content in the soil layers was basically higher in the east and lower in the west. The spatial variation of organic carbon content in the surface soil was observed only within a limited range, which gradually decreased from east to west and presented a trend in which the middle segment was low, the surrounding segment was high, the eastern segment was higher, and the southern segment was lowest.
The soil organic carbon content in the small karst watershed was significantly correlated with altitude, soil thickness, stone grain content, slope, and rock exposure rate. Soil thickness, rock bareness, and altitude were the main factors that affected the soil organic carbon content in the small karst watershed; soil thickness contributed the most, which in turn was mainly affected by karst topography.
